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and is widely investigated using corticospinal and intermuscular synchronization. 23
However, the neurophysiological mechanisms that translate these rhythmic patterns 24 into surface electromyography (EMG) are not well understood. This is underscored 25 by the ongoing debate on the rectification of surface EMG prior to spectral analysis. 26
Whereas empirical studies commonly rectify surface EMG, computational approaches 27 have argued against it. In the present study we employ a computational model to 28 investigate the role of the motor unit action potential (MAUP) on the translation of 29 oscillatory activity. That is, diverse MUAP shapes may distort the transfer of common 30 input into surface EMG. We test this in a computational model consisting of two 31 motor unit pools receiving common input and compare it to empirical results of 32 intermuscular coherence between bilateral leg muscles. The shape of the MUAP was 33 parametrically varied and power and coherence spectra investigated with and without 34 rectification. The model shows that the effect of EMG rectification depends on the 35 uniformity of MUAP shapes. When output spikes of different motor units are 36 convolved with identical MUAPs, oscillatory input is evident in both rectified and 37 non-rectified EMG. In contrast, a heterogeneous MAUP distribution distorts common 38 input and oscillatory components are only manifest as periodic amplitude 39 modulations, i.e. in rectified EMG. The experimental data showed that intermuscular 40 coherence was mainly discernable in rectified EMG, hence providing empirical 41 support for a heterogeneous distribution of MUAPs. These findings implicate that the 42 shape of MUAPs is an essential parameter to reconcile experimental and 43 computational approaches. 44
Introduction 48
Oscillatory activity plays an important role in the neurophysiological drive to the 49 muscle (McAuley and Marsden 2000) . In pathological conditions or effortful activity, 50 this may be exaggerated and become evident as a tremor. Under many circumstances, 51 however, oscillatory activity may not be directly noticeable, but can be discerned 52 using spectral analysis of electromyography (EMG) and electroencephalography 53 (EEG). In particular, many studies use corticospinal (EEG-EMG) and intermuscular 54 (EMG-EMG) coherence to assess oscillatory input to the muscle (Grosse et al. 2002) . 55
Through these techniques a variety of oscillatory components have been identified, 56 such as corticospinal synchronization at ~20 Hz during precision grip (Baker et The elucidation of this technical issue therefore contributes to our 78 understanding of the mechanisms underlying oscillatory neuronal activity (cf. 79 Boonstra 2010) . A central question is how oscillatory activity is conveyed by the 80 spike trains shaping the neuronal input to the motor unit (MU) pool and how these 81 oscillatory components are transmitted by the MU pool and mapped into the surface 82 EMG signal. The transfer function of the MU pool is largely linear and should hence 83 transmit oscillatory input reliably (Negro and Farina 2011). Subsequently, the output 84 spikes generate motor unit action potentials (MUAP) that are summed to generate 85 surface EMG. Hence, while oscillatory components may be present in the output 86 signals of the individual MUs, they may be distorted by convolution with the MUAP. 87 A MUAP is determined by many factors resulting in a great diversity of shapes 88 recorded by surface EMG ( We study a model that includes the essential properties of a MU pool. The model 119 consists of two MU pools of 100 α-motoneurons each, which are modeled by leaky 120 integrate-and-fire (IF) neurons (cf. Halliday 1998; Terry and Griffin 2010). Rate-121 modulated Poisson processes generate the inputs to the motoneurons. Although the 122 spiking inputs to the muscle pools are independent, a common oscillatory modulation 123 of this input is introduced, and parametrically increased from 0 to 100% of the 124 background rate. The output spikes are convolved with a MU action potential 125
(1) 138 139 where i = 1,..,M, τ is a time constant, g i a leakage conductance, E i the equilibrium 140 potential, and w ji the connection efficacy from input j to motoneuron i with j = 1,…,N. 141 K j is the excitatory post-synaptic potential of incoming spikes with exponential rise 142 and fall (Gutig and Sompolinsky 2006) described by: 143 threshold V thresh is exceeded and its membrane potential then set to V spike for duration 151 of T spike , after which it is reset to the resting potential V rest and held there for duration 152 of T refrac . Each MU pool consisted of 100 motoneurons (M=100), each receiving 60 153 inputs (N=60) all with unit weighting (w ji = 1). 154
The parameters are set in general agreement with known physiology and the 155 data presented by Gustaffson and Pinter (1984) . In particular, the equilibrium 156 potential E was set at -70 mV, the spike height V spike at 40 mV and the reset potential 157 V reset at -80 mV. The membrane time constant τ was set at 10 ms, the refractory period 158 T refrac at 25 ms and the spike duration T spike at 1 ms. The parameters of the synaptic 159 input filter were set following Rubinov and colleagues (2011): τ fall = 3 ms, τ rise = 1 160 ms, g = 0.1 pS, V 0 = 20 mV. The threshold V thresh was set -52 mV and stochastically 161 discharge likelihood can be constant, implying that events occur randomly at a fixed 184 average rate (stationary), or it could vary with time (i.e. rate-modulated). In this study 185 the Poisson processes that generate the input to the motoneurons are modulated by a 186 common oscillation at different frequencies (2, 10, 25 and 40 Hz), with an intensity 187 that varied from 0% rate-modulation (or stationary) to 100% rate modulation. In 188 addition, the effect of the strength of motor drive is explored by varying the baseline 189 firing rate (20, 40, and 60 imps/s). Figure 2 Stalberg et al. 1986). However, there is a lack of information regarding the range of 207 motor unit properties in a muscle, with limited information on the distribution of these 208 electrophysiological parameters across the entire population (Enoka and Fuglevand 209 2001). Moreover, these parameters differ considerably between different muscles. 210
In the present study, we therefore choose to parametrically vary the 211 heterogeneity of the MUAP distribution to test its effect on the transmission of 212 oscillatory common input. We implemented this by varying the polarity of the MUAP 213 amplitude and the sign of the MUAP phases. We varied the uniformity of the polarity The duration of the MUAP d is set at 25 ms reflecting the wave shape of larger 232 muscles and the damping τ set at 0.18 ms (Fig. 3) . The MUAP is scaled for each 233 motoneuron individually to take into account variations in the number of muscle 234 fibers innervated by different motor units and the position of the MU with respect to 235 the EMG electrodes. To this end, the amplitude of the MUAP is randomly varied 236 between 0 and 1. After the spike train of each motoneuron is convolved with the 237 individually scaled MUAP, the electromuscular activity of all 100 MUs is summed to 238 generate the surface EMG signal. Figure 4 illustrates the dynamics of the model by 239
showing the input and output of a few motoneurons and the resulting EMG signal. 240
241
Simulations 242
In this study, we introduce a discretization of time in bins t of 0.5 ms, equivalent to a 243 sample rate of 2 kHz used in the empirical study described below. The effect of four 244 variables on intermuscular coherence is parametrically tested: percentage rate 245 modulation (0-100%, in steps of 10%), percentage MUAPs with positive polarity (50-246 100%, in steps of 5%), frequency of common input (2, 10, 25, 40 Hz), and input rate 247 
The use of the Hilbert transform renders the interpretation of rectified EMG 296 straightforward as it equates to the instantaneous EMG amplitude. Hence, the 297 question addressed in this study boils down to whether oscillatory activity is either 298 present in the EMG signal or in the EMG amplitude. In the former, oscillatory input is 299 directly transferred into the surface EMG signals, whereas in the later oscillations are 300 reflected in amplitude modulations of high-frequency EMG signals, similar to the 301 principle of the AM radio ( The effect of a heterogeneous MUAP distribution on the transmission of oscillatory 320 input into surface EMG was examined in a computational model consisting of two 321 MU pools. Intermuscular coherence was estimated from simulated EMG that is either 322 rectified or not and compared to empirical data obtained during quiet standing. We 323 will first summarize the findings of the computational model for the full parameter 324 range. Subsequently, we will focus on the results using 10-Hz common input and 325 compare it to experimental findings to test whether a heterogeneous MUAP 326 distribution may reconcile both approaches. 327 effect of common input on MU firing statistics is mainly apparent for common input 337 at low frequencies (2 and 10 Hz) and high input rates (40 and 60 imps/s) revealing a 338 decrease in mean discharge rate and an increase in the coefficient of variation. The 339 later is particularly evident for 2-Hz common input for which the coefficient of variation increases to 0.7-0.8 with 100% common input: MUs are silent for most of 341 the 500ms period length and then fire a few times in close temporal proximity. 342 A heterogeneous MUAP distribution was achieved by varying the polarity of 343 the MUAP and the effect assessed using coherence analysis between the two MU 344 pools. As an example, figure 6 shows the power and coherence spectra for three 345 different parameter settings. With no common input, the power spectra of non-346 rectified EMG reveals the primary frequency content of the MUAP, whereas the peak 347 at 8 Hz in the rectified EMG reflects the average firing rate of the motoneurons (Fig.  348 6A). The corresponding coherence spectra are not significant (Fig. 6B ). With 30% 349 common 10-Hz input and uniform polarity, both the power spectra ( Fig. 6C ) and 350 coherence spectra ( Fig. 6D ) exhibit a peak at 10 Hz. However, when the polarity of 351
MUAPs is evenly distributed (50% positive, 50% negative), only the power spectra of 352 rectified EMG shows a peak at 10 Hz (Fig. 6E ). The raw signal shows a much-353 reduced peak. Likewise, the coherence at 10 Hz is strongly reduced when using the 354 raw (non-rectified) EMG signal ( 
Experimental findings 390
To evaluate the computational findings, the intermuscular coherence spectra obtained 391 from our model are compared to experimental data acquired from healthy subjects 392 during quiet standing. Bilateral EMG-EMG coherence was computed between five 393 homologous leg muscles (GL, GM, SO, TA and ED) with and without EMG 394 rectification. Of these five muscle combinations, only the three extensor muscles, i.e. 395 GL, GM and SO, exhibited significant intermuscular coherence ( Fig. 9A-C ). Bilateral 396 synchronization was observed in two distinct frequency bands: 0-5 and 10-15 Hz, but 397 in the context of the present study we focused on the higher 10-15 Hz frequency band. 398
Whereas synchronization at 10-15 Hz was significant when using rectified EMG, 399 intermuscular synchronization was reduced when estimated using non-rectified EMG 400 and was just below the 95% confidence interval. Coherence levels in both frequency 401 bands estimated from non-rectified EMG were however slightly elevated compared to 402 coherence at other frequencies, having a similar spectral distribution as coherence 403 estimated from rectified EMG. The 50-Hz artifact from mains interference was 404 strongly evident in all non-rectified EMG signals. To statistically test for similarity, 405 the correlation coefficient between the coherence spectra of rectified and non-rectified 406 EMG was determined for frequencies of 0-45 Hz (to exclude the 50-Hz artifact). The 407 correlation coefficients computed for each subject individually were tested for 408 significance using a one-sample t-test. For the three muscles showing significant 409 intermuscular coherence, there was a significant correlation between the coherence 410 spectra of rectified and non-rectified EMG (GL: r = 0.53 ± 0.07, T(9) = 7.6, P < 411 0.0005; GM: r = 0.24 ± 0.08, T(9) = 2.9, P = 0.019; SO: r = 0.37 ± 0.10, T(9) = 3.7, P 412 = 0.005; ± reflects SE). For muscles showing no significant coherence, the 413 corresponding correlations were not significant (P > 0.2). 414 415 Insert figure 9 416 417 In the experimental data, intermuscular ~10-Hz coherence was thus revealed 418 most clearly using rectified EMG. Although coherence was higher for rectified EMG 419 in all three muscle combination, common 10-Hz input could also be observed in non-420 rectified EMG as evidenced by significant correlations between the coherence spectra. 421
These findings indicate that common oscillatory input was mainly evident as ~10-Hz 422 amplitude modulations of high-frequency EMG signals (see Fig. 5 ). In order to 423 examine the frequency content of the EMG signal that carried these amplitude 424 modulations, we performed further analyses comparing experimental and simulated 425 results. EMG signals were hence high-pass filtered with a range of cut-off frequencies 426 (10-990 Hz, in steps of 10 Hz) using a second-order Butterworth filter before EMG 427 rectification and spectral analysis. The right-hand side panels of figure 9 show the 428 coherence spectra after high-pass filtering at different frequencies. The coherence 429 spectra remain largely equivalent after high-pass filtering the EMG signals up to 400-430 600 Hz. In fact, intermuscular coherence increases after high-pass filtering compared 431 to no filtering. For example, coherence at 11.7 Hz increased from 0.095 without 432 filtering to 0.13 after high-pass filtering at 260 Hz for the SO muscles. 433
To facilitate comparison, parameter settings are selected that yield comparable 434 coherence values and equivalent analyses are performed on simulated data using a 435 heterogeneous MUAP distribution, low periodicity and common input at 10 Hz. 436 Figure 10 shows the coherence spectra from simulations generated with an input rate 437 of 20 imp/s, 15% periodicity and MUAP polarity distribution of 60-40%. 438
Intermuscular coherence at 10 Hz is significant for rectified EMG (P<0.05) but not 439 for non-rectified EMG, although a smallish peak at 10 Hz is discernable. There is a 440 significant correlation between the coherence spectra (0-45 Hz) estimated using non-441 rectified and rectified EMG (r = 0.15± 0.05, T(9) = 2.9, P = 0.008). Coherence at 10 442 Hz increased after high-pass filtering with different cut-off frequency from 0.12 443 without filtering to 0.20 after high-pass filtering at 500 Hz (Fig. 10, right panel) . 444
Hence, for these parameter settings the simulated data are in close accordance with 445 the empirical results. To investigate the general effect of high-pass filtering on 446 coherence estimated from rectified EMG, we repeated the analysis for all parameter 447 settings (i.e. input rate and frequency). These results reveal a consistent increase in 448 coherence after high-pass filtering across parameter settings (data not shown). function without EMG rectification, whereas rectification introduced a frequency dependency (coherence was attenuated at higher input frequencies), and therefore 491 concluded that rectification should be avoided. However, spike train output was 492 convolved with an identical MUAP. Similar results are found in the present study 493 revealing attenuated intermuscular coherence using rectified EMG for common input 494 at higher frequencies (25 and 40 Hz) when using a uniform MUAP (Fig. 7) . The 495 attenuation of coherence at higher input frequencies is however much reduced when 496 using a heterogeneous MUAP distribution. Experimental results on intermuscular 497 coherence between bilateral lower leg muscles revealed higher coherence values for 498 rectified EMG. In the simulations stronger coherence for rectified EMG is restricted 499 to heterogeneous MUAP distributions. These findings implicate a heterogeneous 500 MUAP distribution underlying the generation of the surface EMG in question. The 501 wide use of rectification in experimental studies suggests that heterogeneous MUAP 502 distributions may be the norm. 503 The present study confirms that, in general, oscillatory input to a MU pool causes 541 oscillatory components in the EMG signal and rhythmic amplitude modulations of 542 high-frequency EMG content (cf. Fig. 3 ). By high-pass filtering the EMG signals at 543 different cut-off frequencies, we show that the amplitude modulations are present 544 across a broad range of EMG frequencies. In fact, intermuscular coherence estimated 545 from rectified EMG increases after high-pass filtering compared to no filtering across 546 parameter settings. For example, simulations with a heterogeneous MUAP 547 distribution, low periodicity and common input at 10 Hz show an increase in 548 coherence from 0.12 without filtering to 0.20 after high-pass filtering at 500 Hz ( both MU pools are rate modulated by a common 10-Hz process. Note that there is no 877 direct cross talk between the two MU pools: Only the rate modulation, when present, 878 is common. That is, the rate modulation is in phase, but the individual spiking events 879 are unique. The outputs of the motoneurons are convolved with a motor-unit action 880 potential (MUAP) and summed to generate the EMG signal for that muscle. power spectrum of rectified EMG reveals a large peak at 10 Hz, whereas the peak is 917 relatively small in non-rectified EMG (C). EMG-EMG coherence has a pronounced 918 peak at 10 Hz both for both rectified and non-rectified EMG (D). Lower panels show 919 data with a periodicity of 30% and positive polarity of 50%. Only the rectified EMG 920 reveals a peak in the power spectrum at 10 Hz (E). 10-Hz coherence is strongly 921 reduced in non-rectified EMG signal, but still evident in rectified EMG (F). The 922 dotted lines in the coherence spectra depict the 95% confidence interval. 
